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Influence of track status on vehicle onboard measurements
Eskil Wirdheim

Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract

This study sets out to explore a possible correlation between track quality and data
collected by onboard measurement systems. With the rise of condition-based main-
tenance on railway vehicles, onboard measurement systems could be exploited to
assess track quality in addition to their original purpose. An SJ X40 train operating
revenue traffic creates the foundation for this study.

Onboard measurement data from 2022 have been examined together with track
measurements to form a basis for a correlation analysis. Axle strain measurement
have been converted into stress spectra which have been analysed using a truncated
normal distribution. This in turn was related to track quality data corresponding
to the time periods from when the onboard measurements were taken. A possible
correlation was explored through linear regression and Pearson’s correlation coeffi-
cient. The resulting analysis could not establish a correlation between track quality
and onboard measurements, however some results indicate that a correlation might
exist. Through the same analysis, it was possible to conclude that the influence of
track characteristics dominate over track quality in the onboard measurement data,
showing the need to filter the onboard measurements when making assessments of
track quality.

Keywords: Onboard measurements, condition-based maintenance, track quality,
track quality assessment.






Acknowledgements

Firstly, a huge thanks to my examiner Anders Ekberg from Mechanics and Maritime
Sciences and my supervisor Michele Maglio from Trafikverket who have always been
open to questions and discussions. Together, you have given me the guidance needed
to understand what I've been working with and inspired me to dive deep into the
subject of data analysis. I have learned a lot of new things doing my thesis, and
also experienced that everything does not always end up as you expect. Thanks to
Elena Kabo for helpful insights, and I look forward to having you as a supervisor as
a PhD student.

Thanks to SJ for allowing me to use your onboard measurements for this study.
Your data form the basis for my thesis, which proved to be an interesting journey
with many learning opportunities. Furthermore, thanks to Lucchini for guiding me
through the usage of the onboard measurement system, and answering my questions
and solving any problems that arose.

Eskil Wirdheim, Goteborg, May 2025

vii






Contents

List of Figures

List of Tables

1 Introduction

2 Literature study

2.1 Onboard measurements . . . . . . . .. ..
2.2 Influence of track status . . . . . . .. ..
2.3 Correlation analysis . . . . . .. ... ...
3 Track data
3.1 Gothenburg-Alingsas . . . . .. ... ...
3.2 Alingsas-Herrljunga . . . . . . . .. .. ..
3.3 Herrljunga-Skovde . . . . . ... ... ..
3.4 Skovde-Toreboda . . . . . . .. ... ...
3.5 Toreboda-Laxa . . . ... ... ... ...
3.6 Laxa-Hallsberg . . .. .. ... .. ....
3.7 Limitations and potential sources of errors
4 Onboard measurements
4.1 Gothenburg-Alingsas . . . . .. ... ...
4.2  Alingsas-Herrljunga . . . . . .. ... ...
4.3 Herrljunga-Skévde . . . .. .. ...
4.4 Skovde-Toéreboda . . . . . . .. ... ...
4.5 Toreboda-Laxa . . . ... ... ... ...
4.6 Laxa-Hallsberg . . . . ... .. ... ...
4.7 Limitations and potential sources of errors
5 Comparison and correlations
5.1 Combined analysis . . . . ... ... ...
5.2 Track section specific analysis . . . . . ..
5.3 Selective analysis of Skovde-Toreboda . . .
5.4 Limitations and sources of errors . . . . .

6 Discussion

6.1

Methods . . . . . . . . . ... .. ...

xXi

xiii

13
15
17
19
21
23
25
26

29
29
30
31
32

33
33

ix



Contents

6.2 Results. . . .. .. . . 34
6.3 Limitations . . . . . . . . .. 36
7 Conclusions and future recommendations 37
Bibliography 39
A Track section overview I



4.1
4.2

4.3

4.4

4.5

4.6

4.7

5.1

5.2

2.3
Al

A2

A3
A4
A5
A6

List of Figures

An example of stress spectra and their normal distributions. . . . . . 14
Examples of stress spectra and fitted normal distributions for Gothenburg-
Alingsés . . . . . oL 15
Examples of stress spectra and fitted normal distributions for Alingsas-
Herrljunga . . . . . . . . . . . 17
Examples of stress spectra and fitted normal distributions for Herrljunga-
Skovde . . . . 19
Examples of stress spectra and fitted normal distributions for Skévde-
Toreboda . . . . . . . L 21
Examples of stress spectra and fitted normal distributions for Téreboda-
Laxa . . . . . . e 23
Examples of stress spectra and fitted normal distributions for Laxa-
Hallsberg . . . . . . . . .. o 25
Scatter plot of standard deviations and their corresponding QS-ratios

for all tracks combined . . . . . . . ... ... L. 30
Scatter plot for each track section, denoted as: Got for Gothenburg,
Al for Alingsas, Herr for Herrljunga, Skv for Skévde, T6 for Téreboda,

Lax for Laxa, and Hall for Hallsberg . . . . . . . ... .. ... ... 31
Scatter plot for Skovde-Toreboda, Leading and trailing combined . . 32
Overview of Gothenburg-Alingsas, map created by OpenRailwayMap
[22] . . I
Overview of Alingsas-Herrljunga, map created by OpenRailwayMap
[22] . IT

Overview of Herrljunga-Skovde, map created by OpenRailwayMap [22] 11
Overview of Skovde-Téreboda, map created by OpenRailwayMap [22] 111
Overview of Téreboda-Laxa, map created by OpenRailwayMap [22] . IV
Overview of Laxa-Hallsberg, map created by OpenRailwayMap [22] . IV

X1



List of Figures

xii



3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

List of Tables

Average QS for Partille-Alingsas, northern track . . . . . . .. .. .. 8
Average QS for Partille-Alingsas, southern track . . . . . . .. .. .. 8
Average QS for Alingsas-Herrljunga, northern track . . . . ... . .. 9
Average QS for Alingsas-Herrljunga, southern track . . . . . . .. .. 9
Average QS for Herrljunga-Skévde, northern track . . . . . . . . . .. 9
Average QS for Herrljunga-Skovde, southern track . . . . . . . .. .. 10
Average QS for Skévde-Toreboda, northern track . . . . . . . .. .. 10
Average QS for Skévde-Toreboda, southern track . . . . . . .. . .. 10
Average QS for Toreboda-Laxa, northern track . . . . . . . ... ... 11
Average QS for Toreboda-Laxa, southern track . . . . . . . .. .. .. 11
Average QS for Laxa-Hallsberg, northern track . . . . . . ... .. .. 12
Average QS for Laxa-Hallsberg, southern track . . . . . . ... .. .. 12
Gothenburg-Alingsas, Leading position. Standard deviation for each
channel and the truncation interval [MPa] . . . ... ... ... ... 16
Gothenburg-Alingsas, Trailing position. Standard deviation for each
channel and the truncation interval [MPa] . . .. ... ... ... .. 16
Alingsas-Herrljunga, Leading position. Standard deviation for each
channel and the truncation interval [MPa] . . ... ... ... .. .. 18
Alingséas-Herrljunga, Trailing position. Standard deviation for each
channel and the truncation interval [MPa] . . . .. ... ... .. .. 18
Herrljunga-Skovde, Leading position. Standard deviation for each
channel and the truncation interval [MPa] . . . ... ... ... ... 20
Herrljunga-Skovde, Trailing position. Standard deviation for each
channel and the truncation interval [MPa] . . ... ... ... .. .. 20
Skovde-Toreboda, Leading position. Standard deviation for each
channel and the truncation interval [MPa] . . . . .. ... ... ... 22
Skovde-Toreboda, Trailing position. Standard deviation for each
channel and the truncation interval [MPa] . . ... ... ... .. .. 22
Toreboda-Laxa, Leading position. Standard deviation for each chan-
nel and the truncation interval [MPa] . . . . . . ... ... ... ... 24
Toreboda-Laxa, Trailing position. Standard deviation for each chan-
nel and the truncation interval [MPa] . . . . . ... ... ... ... 24
Laxa-Hallsberg, Leading position. Standard deviation for each chan-

nel and the truncation interval [MPa] . . . . . ... ... ... .. .. 26



List of Tables

4.12 Laxa-Hallsberg, Trailing position. Standard deviation for each chan-
nel and the truncation interval [MPa] . . . . . . ... ... ... ...

Xiv



1

Introduction

Onboard telemetry for railway vehicles has become common in monitoring vehicle
condition, as well as in estimating component health and maintenance needs. This
has allowed the strategy of Condition Based Maintenance to be applied, which can
reduce the need for preventative as well as reactive measures [1]. Instead of main-
taining parts according to a set time schedule, the condition of parts are monitored,
and maintenance is scheduled when set thresholds are expected to be reached. While
the main purpose might be monitoring of vehicle condition, a faulty track will also
influence the onboard measurement results [2]. This could potentially be exploited
for track quality assessment and maintenance planning. This study will explore
whether a correlation can be found between onboard measurement data and the
track status.

The SmartSet® is a monitoring system that measures wheel axle strains, converting
these into stress spectra and location-tagged overload indications [3]. It has been
installed on an SJ X40 regional passenger train in revenue traffic. This system has
previously been used to analyse wheel and axle health and how load conditions
can be assessed and approximated as load spectra [4],[5],[6]. The current project
aims to investigate whether these onboard measurements can be connected to track
status. If a correlation between axle stress data and track geometry deterioration
can be found, the confidence level of track health approximations based on onboard
measurement, data needs to be determined. Accurate estimations would indicate
that there is a possibility of measuring track health through revenue trains and
thereby reduce the need for specialized measurement vehicles.

This study will be based on measurements acquired from the Swedish western main
line, known as Véstra Stambanan. Onboard measurements from different track
sections will be compared to Trafikverket’s measurements of track status from the
systems BIS [7] and Optram [8]. These systems store multiple parameters charac-
terising the track condition of the Swedish railway network. Multiple parameters
will be studied, and will form the foundation for a statistical analysis. The paper is
structured in the following way: A literature study is first presented. Then, track
condition data is presented in chapter 3 and onboard measurement data presented
in chapter 4. Analysis of the data with a focus of possible correlation is presented
in chapter 5. Lastly, a discussion with concluding remarks is presented in chapters
6 and 7.
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Literature study

This chapter describes the measurement system that is used together with neces-
sary background information. Track status and its influence on railway vehicles is
explored, as well as methods to analyse a possible correlation.

2.1 Onboard measurements

Onboard measurement systems are becoming increasingly popular due to the po-
tential of economic and safety advantages they bring. One main purpose of these
systems is to allow for condition based maintenance (CBM), where the idea is to
continuously monitor parts to get accurate measurements on when maintenance is
needed [9]. The advantages of CBM are that parts are maintained and replaced ac-
cording to the actual usage of the parts, not according to time intervals where parts
may be replaced prematurely or, if conditions are rough, parts are not replaced in
time which can lead to failure [4]. This optimizes usage of parts and thus enables
lower operational costs and increasing safety. However, onboard measurement sys-
tems are not without drawbacks. A review performed by Bernal et al. [9] looks
at the application of onboard measurement systems on freight trains to make CBM
possible, and some challenges of these systems are highlighted. Most systems require
a power source and a way of storing or communicating the data recorded, which can
be especially challenging for freight train installations. Onboard measurement sys-
tems also bring a need to collect and analyse the large amounts of data that the
systems generate [10]. Usually, a model of compressing the data into one or a few
useful metrics is used to reduce the required capacity for data transfer and storage.
On the other hand, data compression might lead to lower accuracy or less nuanced
data.

The use of the SmartSet® onboard measurement system has been described in detail
by Maglio et al. [4]. The measurements were used together with numerical simula-
tions to evaluate the consequences of rolling contact fatigue (RCF) and other forms
of wheel tread damage on the wheels of a passenger train. In short, the measure-
ment system is mounted on the leading axle of an SJ X40 train of the model Alstom
Coradia Duplex and measures strain at four points around the axle’s cross section.
These are at 0°, 90°, 225°, and 315°, using the first channel as a reference point at 0°.
Since the opposite side of the axle experiences the same bending strain but in the
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opposite direction, these correspond to strain measurements at 45 degree intervals
of the axle. However, shear strains affect the accuracy of this assumption since these
will have the same effect on both sides of the axle. Using the wheel axle geometry,
the strain measurements are converted into stresses, which are in turn stored in a
stress spectra through cumulative rainflow counting. The study in [4] utilizes these
measurements to verify simulations done on the effects of wheel out-of-roundness
(OOR), shift in contact point due to curves, as well as the effects of rail roughness.
It was shown that wheel tread damage had an effect on the measured stress spec-
tra. However, it was also concluded that a shift in contact point can have a larger
effect on the measurements, and simulations showed that rough rail can overshadow
other effects through a significant increase in axle stresses. Furthermore, a study by
Maglio et al. [5] uses data from the SmartSet® to estimate the fatigue life of the
wheelset, with a focus on the axle. By fitting two truncated normal distributions
to the measured stress spectra, a statistical model of fatigue life was derived which
showed a strong correlation to the field conditions. One normal distribution repre-
sents ordinary loading, the other representing high loads generated in the presence
of switches and crossings. This model is possible to use in a CBM approach by
predicting the remaining fatigue life.

2.2 Influence of track status

Track condition monitoring is important in railway traffic due to the deterioration
of tracks over time. Usually, track recording vehicles are used to assess track quality
and record data, and there are multiple factors to account for [11]. Rail deterioration,
track irregularities, deviations from nominal track geometry, and deterioration in
the sub-grade all have effects on track condition. Ekberg and Kabo [12] presents an
extensive review of parameters required for track health monitoring and prediction.
It is related to the condition of sub-ballast and ballast, sleepers/slabs and fastening
systems, and rail, where each category has multiple parameters required to provide
an accurate model of the track condition. These should both be considered on
a global level of the track, and on a local level where extreme faults can cause
immediate safety issues. However, it is also noted that the operational conditions
are important to take into account, where different types of traffic have different
requirements on the track.

Based on variations in wheel-rail contact forces, it should be possible to determine
track status properties through onboard measurement systems. Wheel-rail contact
forces are usually divided into static, quasi-static and dynamic loads. Static loads
are due to the weight of the vehicle, quasi-static loads are shifts in the static load
due to external factors such as curves, and dynamic loads are time-dependent loads
due to, for example, track irregularities, switches, or wheel flats [13]. Meymand et
al. [14] show an extensive review of different models of wheel-rail contact, which
details how contact forces can be estimated. Track with irregularities can cause
higher contact forces, which can be visible through the data of onboard measure-
ment systems [2]. Maglio et al. [6] looks at the effects of track condition on the
SmartSet® onboard measurement system, which also highlights an additional fea-

4
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ture of the system. A stress threshold can be defined for the system, and when
a stress above the threshold is registered, a stress history of 5 seconds is saved,
centred around the overload. This is stored together with the GPS location where
the overload occurred and vehicle speed data. The study utilizes the same trun-
cated normal distributions as discussed in section 2.1, and investigates the effects
of different track characteristics. It was found that the existence of more switches
and crossings increases the standard deviation for both the distribution represent-
ing quasi-static loading and the distribution representing overloads, due to the more
frequent occurrence of high loads. Curved track increased the mean value of the
normal distribution representing ordinary loading and, if the amount of curves was
very high, a potential increase in the standard deviation of the same normal dis-
tribution. For track quality, Trafikverket’s parameter QS-ratio was used, which is
a general measurement of track quality based on the deviations of cant as well as
the vertical and lateral position of the rail [15], see chapter 3 for more details. A
high QS-ratio means smaller deviations from the rails’ nominal position. It was
found that a lower QS-ratio increased the scatter in loading and thus increased the
standard deviation for both normal distributions. Regarding overloads registered,
they increased with an increasing number of switches and crossings. The number
of overloads also increased with a lower QS-ratio, however it was noted that this
increase might be caused by other factors as well.

2.3 Correlation analysis

Since the assumption of this study is that track quality influences onboard measure-
ment, it is reasonable to state that onboard measurements are dependent on track
quality. A regression analysis is a common method to determine the relationship
between two dependent variables [16]. For a linear regression, the coefficient of de-
termination, R?, gives an indication of how well the regression fits the data. An
R? value of 1 indicates a perfect fit of the linear regression to the data. Another
measurement of correlation is Pearson’s coefficient of correlation [17]. It ranges from
-1 to 1, where -1 indicates a perfect negative correlation, 0 indicates no correlation
and 1 indicates a perfect positive correlation. Pearson’s coefficient is only valid if
the variables are paired and independent, and they should be normally distributed.
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3

Track data

The western main line connects Stockholm and Gothenburg and is one of the main
passenger lines in the Swedish railway network [18]. It is a fully electrified, double
track railway. The SJ X40 runs revenue traffic on the western main line from Gothen-
burg to Hallsberg [19], and this part of the western main line makes the foundation
for this study. The SmartSet® measurements are divided into six track sections:
Gothenburg-Alingsas, Alingsas-Herrljunga, Herrljunga-Skovde, Skovde-Toéreboda,
Toreboda-Laxa and Laxa-Hallsberg. For each track section, the quality index QS is
used as a measurement of track quality. QS is defined as

100, SDH_ ) SDSAM |
3 \SDH,, ' “SDSAM,"

where SDH is the standard deviation of the rails vertical position and SDSAM is
the standard deviation of the sum of rail cant and the outer rails lateral position
[15],[20]. SDH,, and SDSAM,, are comfort limits for SDH and SDSAM in the
speed class of the track. A higher QS-ratio means less deviation from the nominal
geometry of the track, thus indicating higher quality track. The maximum value of
QS is 150, where a value above 100 can be considered as high quality track.

QS =150 —

(3.1)

For each track section, the QS-ratio was manually retrieved from Trafikverket’s
system Optram [8] for each kilometer of track. Seven time periods were used, dating
from late 2021 through 2022. These consist of all complete measurement runs in the
given timespan. If a kilometer has been split into two or more measurements, an
average of the measurements have been used instead. This is often the case where
switches or stations are located. Both the average and the median for each section
is presented, where a higher difference between the average and the median mainly
indicates more sections with a low QS, usually stations or switches, in relation to the
total length of the section. For clarity, track where trains run in a northern direction
(Gothenburg-Hallsberg) will be referred to as northern track, and southern track for
the opposite direction (Hallsberg-Gothenburg). An overview of each track section
is shown in appendix A.

3.1 Gothenburg-Alingsas

The track section Gothenburg-Alingsas is characterised by multiple curves in both
directions and switches along the way. More frequent load spikes can be expected

7
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from this track section. The average QS-ratio is shown in table 3.1 for the northern
track and table 3.2 for the southern track. The track quality is high, with the
southern track having a notably higher average than the northern track. A rather
high disparity between average and median confirms the high number of switches.
It is important to note, however, that the QS data included only stretches from
Alingsas to Partille. The last part towards Gothenburg is not included.

Table 3.1: Average QS for Partille-Alingsas, northern track

Date Average | Median
November 2022 | 100.587 | 103.5
September 2022 | 100.394 | 102
August 2022 101.769 | 104

July 2022 101.062 | 103
March 2022 102.230 | 103
January 2022 103.868 | 104.167
December 2021 | No data | No data

Table 3.2: Average QS for Partille-Alingsas, southern track

Date Average | Median
November 2022 | 115.103 | 118
September 2022 | 116.396 | 120.167
August 2022 116.725 | 120.5
July 2022 117.373 | 120.5
March 2022 117.010 | 121.167
January 2022 115.120 119
December 2021 | No data | No data

3.2 Alingsas-Herrljunga

With a moderate amount of curves in both direction and a low number of switches,
the section Alingsas-Herrljunga can be expected to have a medium frequency of load
spikes. The QS ratio for the northern track is shown in table 3.3, and the southern
track’s QS ratio is shown in figure 3.4. A low disparity between average and median
confirms a low number of switches, and the overall track quality is high with the
southern track having a slightly higher average.

8
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Table 3.3: Average QS for Alingsas-Herrljunga, northern track

Date Average | Median
December 2022 | 107.946 109
September 2022 | 108.244 | 110
August 2022 109.103 | 110
June 2022 106.597 | 107.5
March 2022 109.119 | 111
January 2022 102.960 | 105.5
December 2021 | 109.856 112

Table 3.4: Average QS for Alingsas-Herrljunga, southern track

Date Average | Median
December 2022 | 111.475 112.5
September 2022 | 111.028 | 112
August 2022 111.649 | 113
June 2022 112.910 | 113.5
March 2022 111.424 | 113
January 2022 108.751 109
December 2021 | 113.038 115

3.3 Herrljunga-Skovde

Herrljunga-Skovde is a longer section of track, with a moderately high number of
curves in both directions as well as multiple switches. However, due to the length of
the section, the relative frequency of load spikes is expected to be on the low end.
The average QS is shown in table 3.5 and 3.6 for the northern and southern track
respectively. The northern track have a slightly higher average QS, but the quality
is high for both tracks.

Table 3.5: Average QS for Herrljunga-Skévde, northern track

Date Average | Median
December 2022 | 115.009 119
September 2022 | 113.880 | 118
August 2022 113.925 | 117.5
June 2022 112.730 | 116.2
March 2022 114.780 | 118
January 2022 113.219 | 117
December 2021 | 116.677 120.5
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Table 3.6: Average QS for Herrljunga-Skévde, southern track

Date Average | Median
December 2022 | 109.577 | 113
September 2022 | 106.085 | 107
August 2022 106.365 | 107
June 2022 109.375 | 110
March 2022 107.555 | 108.5
January 2022 105.999 | 108.5
December 2021 | 110.440 112

3.4 Skovde-Toreboda

The track section Skovde-Toéreboda is a rather short, very straight section with no
notable curves. It also has a low number of switches along the way. Due to the
unique layout of this section, a very low number of load spikes is expected with a
low amount of external factors influencing the train ride along the track. Table 3.7
shows the average QS for the northern track and table 3.8 shows it for the southern
track.

Table 3.7: Average QS for Skévde-Toreboda, northern track

Date Average | Median
December 2022 | 115.740 | 119.5
September 2022 | 113.746 | 117.5
August 2022 113.903 | 117.5
June 2022 112.871 | 116
March 2022 112.200 | 116
January 2022 110.900 | 114.5
December 2021 | 113.708 | 118

Table 3.8: Average QS for Skévde-Toreboda, southern track

Date Average | Median
December 2022 | 106.535 110
September 2022 | 105.048 | 109
August 2022 104.679 | 109
May 2022 109.471 111.5
March 2022 104.848 | 108
January 2022 103.724 | 106
December 2021 | 106.854 109.5

10
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3.5 Toreboda-Laxa

Toreboda-Laxa is a section with a moderately low number of curves, however sig-
nificant curves in both directions exists. It also has a low number of switches. Load
spikes are expected, but not to a high frequency. The average QS for the northern
and southern track respectively is shown in table 3.9 and 3.10. Both tracks have a
high quality, with the northern having a slightly higher average QS.

Table 3.9: Average QS for Toéreboda-Laxa, northern track

Date Average | Median
December 2022 | 113.096 115
September 2022 | 110.933 | 113
August 2022 112.386 114
June 2022 111.427 112
March 2022 111.852 | 114.5
January 2022 108.906 | 110.5
December 2021 | 112.444 115.25

Table 3.10: Average QS for Téreboda-Laxa, southern track

Date Average | Median
December 2022 | 111.838 | 112.85
September 2022 | 110.239 | 110.5
August 2022 108.807 | 109.8
May 2022 112.385 112.3
March 2022 106.923 | 108.3
January 2022 106.759 109
December 2021 | 110.113 112

3.6 Laxa-Hallsberg

This track section is on the shorter end, with a low number of curves. The amount
of switches on the section is high, mainly related to the railway yard in Hallsberg,
however that part of the track is not included in the QS data. Table 3.11 shows the
average (S for the northern track and 3.12 shows it for the southern track. Both
tracks have a similar high track quality, with the northern track having a slightly
higher average QS.

11
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Table 3.11: Average QS for Laxéa-Hallsberg, northern track

Date Average | Median
December 2022 | 112.492 116
September 2022 | 108.633 | 113
August 2022 109.867 114.5
June 2022 108.417 112
March 2022 110917 | 115
January 2022 108.725 | 112
December 2021 | 112.458 115.5

Table 3.12: Average QS for Laxé-Hallsberg, southern track

Date Average | Median
December 2022 | 110.242 | 113.5
September 2022 | 105.725 | 109
August 2022 105.850 | 108.5
May 2022 109.508 | 112
March 2022 107.267 | 111
January 2022 109.700 | 113
December 2021 | 109.483 112.5

3.7 Limitations and potential sources of errors

A limitation in track data is that only seven full measurements of the track sections
exists. It is limited by the amount of times Trafikverket carried out measurements
with a specialized measurement vehicle, leading to possible challenges when making
comparisons. Moreover, all track sections in this study are considered to feature
high quality track. The western main line is a highly maintained track. Thus,
no measurements will be available from lower quality track. This might limit how
visible effects of track quality are on onboard measurement systems.

12
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Onboard measurements

The onboard measurements were recorded by the system SmartSet® developed by
Lucchini RS, along the sections of track presented in chapter 3. As stated in chapter
2, the system is mounted on the outer axle of an SJ X40 passenger train [4]. This
implies that the instrumented axle is always running as either the very first or the
very last axle of the train, depending on the train’s travelling direction. However,
the train can also be coupled to another unit, which can place the instrumented
wheelset adjacent to the second unit. For each channel, the strain measurements
are converted to stress measures and stored in a matrix through a rainflow counting
algorithm, where the rows in the matrix represents mean stress for a cycle and
the columns represent stress amplitude. Each row and column represents stress
increments of 2.75 MPa. Thus, a registered cycle adds to the cumulative total of
the cell representing the pertinent mean stress and stress amplitude. The system is
designed to upload the data at designated stations, and the matrix is reset once the
data have been uploaded. Thus, a file will have the start and end point, as well as
the total number of cycles from which the distance travelled can be calculated using
the circumference of the wheels.

This study have used a similar method as is described by Maglio et al. [5]. Each
matrix for the track sections of interest was converted to a stress spectrum. Then,
a truncated normal distribution was fitted to the data representing quasi-static
loading using a function created by Ryabov [21] to investigate if a difference in track
quality can be seen. Quasi-static loading is chosen to limit the influence of external
factors that introduces time-dependent loading. The truncation points have been
manually adjusted based on the gradient of the data and the increments of 2.75
MPa to ensure a representative fit of the normal distribution. An example of two
stress spectra is shown in figure 4.1, where leading denotes when the wheelset is in
the leading position, and trailing denotes when it is in the trailing position. Looking
at data when the axle is in a leading position, the first part of the stress spectra
with the highest number of cycles represent the quasi-static loading of the axle. The
higher stress amplitudes originates from overload sources, such as switches or narrow
curves. For the current purpose of estimating track quality, only the quasi-static
loading has been used to better represent regular operation of the track. When the
train is operating in the opposite direction and the wheelset is trailing, the shape
of the stress spectra changes noticeably. An increase in low amplitude cycles occurs
together with a decrease in overloads, compared to the leading position. Thus, the
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4. Onboard measurements

normal distribution has to be truncated from the left as well. The mean, standard
deviation, and truncation interval have been stored for each analysed stress spectra,
however only the standard deviation have been used in the analysis and will be the
only value presented. The four channels, corresponding to the four measurement
points of the axle as discussed in section 2.1, are denoted Ch. 1, 2, 3 and 4. In some
cases, the measurement data for one of the four channels were faulty and could not be
used. The channel in question had a different number of cycles registered compared
to the other channels, with the resulting stress spectrum being discontinuous and
clearly faulty. These measurements have been removed and are shown in the tables
as an empty cell.

10° : : : : : : : : : 100 : : : : : :
Ch1 Measurement

ch2 1 T Normal distribution
Ch3

o
>
T

=)
w
T

8
ES o
2 s
S o
8 3
E 102f E © 43¢
=z
10" ¢ \ 4 104 F
10° ' ; ; ; ; ; ' ; ; 108
0 10 20 30 40 50 60 70 80 90 100 0
Stress amplitude [MPa] Stress amplitude [MPa]
(a) Stress spectra - Leading (b) Normal distribution - Leading
10* T T 10° T T T T T T
Ch1 Measurement
Ch2y1 T Normal distribution
Ch3
ch4 107
103 F k|
3
2 o 10%¢
2 s
2 102t E 2
8 53
E © 103
=4

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70

100

Stress amplitude [MPa] Stress amplitude [MPa]
(c) Stress spectra - Trailing (d) Normal distribution - Trailing

Figure 4.1: An example of stress spectra and their normal distributions
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4. Onboard measurements

4.1 Gothenburg-Alingsas

The stress spectra from the section Gothenburg-Alingsas shows a significant spread
in measured stresses with a significant amount of overloads. In the leading position,
the wheelset experiences multiple cycles of stresses over 70 MPa. When trailing, the
amount of significant overloads decreases, with an increase in cycles both slightly
lower and slightly higher than the mean stress of quasi-static loading, in the range
of 30-45 MPa. This behaviour can be linked to the amount of switches from the
section, as well as the amount of curves. The fitted normal distributions have a
large standard deviation, both when the wheelset is leading and when it is trailing.
Figure 4.2 shows examples of stress spectra and normal distributions, and table 4.1
and 4.2 show the standard deviation for each run analysed. For this track section
there is a discrepancy between onboard measurement and track data. In contrast
to the track data which only covers Alingsas to Partille, the onboard measurements
covers Alingsas to Gothenburg.
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Figure 4.2: Examples of stress spectra and fitted normal distributions for
Gothenburg-Alingsas
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Table 4.1: Gothenburg-Alingsas, Leading position. Standard deviation for each
channel and the truncation interval [MPa)

Date Direction | Ch.1 | Ch.2 | Ch.3 | Ch.4 | Interval
2022-02-04 | North 4.957 | 3.877 | 4.767 | 3.842 | 20-42
2022-08-20 | South 3.235 | 3.218 | 3.156 | 3.079 | 25-46
2022-08-22 | South 3.279 | 3.221 | 3.141 | 3.114 | 20-46
2022-10-01 | South 2.682 | 2.814 | 2.638 | 2.607 | 25-46
2022-11-01 | South - 3.312 | 3.170 | 3.108 | 25-46
2022-12-01 | South 3.425 | 3.690 | 3.058 | 3.533 | 25-46
2022-12-04 | South 3.702 | 3.950 | 3.562 | 4.113 | 25-46
2022-12-05 | South 3.450 | 3.630 | 3.313 | 3.659 | 25-46

Table 4.2: Gothenburg-Alingsas, Trailing position. Standard deviation for each
channel and the truncation interval [MPa]

Date Direction | Ch.1 | Ch.2 | Ch.3 | Ch.4 | Interval
2022-02-04 | South 3.689 | 3.537 | 3.750 | 3.732 | 32-42
2022-04-18 | South 3.401 | 3.303 | 3.414 | 3.171 | 32-42
2022-08-20 | North 3.458 | 3.707 | 3.359 | 3.389 | 35-46
2022-08-26 | North 3.934 | 3.911 | 3.779 | 3.705 | 32-46
2022-10-01 | North 3.522 | 3.478 | 3.478 | 3.525 | 32-46
2022-11-01 | North - 3.600 | 3.626 | 3.606 | 32-46
2022-12-01 | North 3.434 | 3.722 | 3.904 | 3.453 | 32-46
2022-12-04 | North 3.551 | 3.470 | 3.471 | 3.453 | 32-46
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4. Onboard measurements

4.2 Alingsas-Herrljunga

With a lower amount of overloads, the section Alingsas-Herrljunga shows measure-
ments with a smaller spread. For both leading and trailing positions of the wheelset,
there are hardly any cycles over 70 MPa. The trailing position shows the character-
istic behaviour of an increase in cycles both slightly lower and slightly higher than
the mean of quasi-static loading, around 30-45 MPa. The standard deviation for
the fitted normal distributions are moderately large, both for leading and trailing
positions of the wheelset. Examples of stress spectra and their normal distributions
are shown in figure 4.3, and the standard deviation for each run are shown in table
4.3 for leading position and table 4.4 for trailing position.
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Table 4.3: Alingsas-Herrljunga, Leading position. Standard deviation for each
channel and the truncation interval [MPa)

Date Direction | Ch.1 | Ch.2 | Ch.3 | Ch.4 | Interval
2022-02-04 | North 2.592 | 2.664 | 2.852 | 2.715 | 20-42
2022-08-20 | South 2.908 | - 2.671 | 2.701 | 20-45
2022-08-22 | South 2.980 | 3.073 | 2.992 | 2.974 | 25-42
2022-10-01 | South 2.975 | 3.045 | 2.887 | 2.880 | 25-45
2022-10-15 | South 3.115 | 3.242 | 3.111 | 3.052 | 25-45
2022-11-01 | South - 2.881 | 2.698 | 2.658 | 32-45
2022-11-06 | South 2.766 | 2.843 | 2.808 | 2.731 | 25-42
2022-12-01 | South 3.006 | 3.299 | 3.284 | 3.491 | 25-47
2022-12-04 | South 2.918 | 3.020 | 3.124 | 3.173 | 35-47
2022-12-05 | South 3.016 | 2.733 | 2.976 | 2.941 | 35-45

Table 4.4: Alingsas-Herrljunga, Trailing position. Standard deviation for each
channel and the truncation interval [MPa]

Date Direction | Ch.1 | Ch.2 | Ch.3 | Ch.4 | Interval
2022-02-04 | South 3.060 | 2.999 | 3.009 | 3.017 | 20-42
2022-04-18 | South 3.061 | 2.851 | 2.896 | 2.881 | 32-42
2022-08-20 | North 2.597 | 2.602 | 2.905 | 2.612 | 34-45
2022-08-26 | North 2.821 | 2.672 | 2.903 | 2.742 | 32-45
2022-08-27 | North 2.815 | 2.733 | 3.041 | 2.849 | 32-45
2022-08-30 | North 2.880 | 2.934 | 3.033 | 2.884 | 32-45
2022-09-18 | North 2.909 | 2.831 | 2.947 | 2.888 | 32-45
2022-11-01 | North 2.856 | 2.738 | 3.035 | 2.821 | 35-45
2022-11-06 | North 3.031 | 2.930 | 3.827 | 3.154 | 32-42
2022-12-01 | North 2.644 | 2.681 | 2.841 | 2.611 | 35-45
2022-12-04 | North 2.653 | 2.556 | 2.897 | 2.541 | 35-45
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4. Onboard measurements

4.3 Herrljunga-Skovde

The section Herrljunga-Skévde shows similar measurements to the section Alingsas-
Herrljunga, but with less scatter in the measured stress cycles. Since it is one of the
longer sections, more cycles are registered which, to some extent, leads to smoother
stress spectra, visible in figure 4.4. The standard deviations, shown in table 4.5 and
4.6 for leading and trailing positions of the wheelset respectively, are towards the

lower end.
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4. Onboard measurements

Table 4.5: Herrljunga-Skoévde, Leading position. Standard deviation for each chan-
nel and the truncation interval [MPa]

Date Direction | Ch.1 | Ch.2 | Ch.3 | Ch.4 | Interval
2022-02-04 | North 2.562 | 2.494 | 2.672 | 2.556 | 20-43
2022-08-20 | South 2.989 | - 2.989 | 2.930 | 25-49
2022-10-01 | South 2.816 | 2.872 | 2.779 | 2.804 | 25-46
2022-10-15 | South 2.734 | 2.791 | 2.697 | 2.635 | 25-46
2022-12-01 | South 3.085 | 3.156 | 3.132 | 3.245 | 25-49
2022-12-04 | South 3.201 | 3.232 | 3.259 | 3.289 | 25-49

Table 4.6: Herrljunga-Skovde, Trailing position. Standard deviation for each chan-
nel and the truncation interval [MPa]

Date Direction | Ch.1 | Ch.2 | Ch.3 | Ch.4 | Interval
2022-02-04 | South 3.271 | 3.222 | 3.218 | 3.216 | 25-43
2022-08-26 | North 2.476 | 2.385 | 2.829 | 2.531 | 32-43
2022-09-18 | North 2.512 | 2.445 | 2.681 | 2.578 | 32-43
2022-11-01 | North 2.396 | 2.330 | 2.562 | 2.394 | 34-46
2022-12-01 | North 2.368 | 2.393 | 2.484 | 2.289 | 34-46
2022-12-04 | North 2.432 | 2.451 | 2.658 | 2.449 | 36-49
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4.4 Skovde-Toreboda

Skovde-Toreboda, as described in section 3.4, is a unique section of track. The data
shows hardly any overloads, and the characteristic behaviour, an increase in stress
levels lower than the quasi-static mean, when the wheelset is trailing is toned down.
This is confirmed by the stress intervals including these cycles and still retaining a
low standard deviation for the fitted normal distribution. Thus, the stress spectra
for the leading and the trailing position of the wheelset are very similar, see figure
4.5. Tables 4.7 and 4.8 contain the standard deviations for the leading and trailing
positions of the wheelset, which shows the lowest spread in the data for all track
sections analysed. However, one run showed characteristics of both leading and
trailing positions and it could not be verified from which position the measurements
originated. This run was included in the data for leading position.
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Toreboda

21
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Table 4.7: Skévde-Toreboda, Leading position. Standard deviation for each chan-
nel and the truncation interval [MPa]

Date Direction | Ch.1 | Ch.2 | Ch.3 | Ch.4 | Interval
2022-02-04 | North 1.952 | 1.953 | 2.002 | 1.838 | 20-42
2022-06-23* | South 2.698 | 2.650 | 2.779 | 2.693 | 20-47
2022-08-20 | South 2.622 | 1.702 | 2.681 | 2.665 | 25-47
2022-10-01 | South 2.432 | 2.409 | 2.344 | 2.268 | 25-45
2022-10-15 | South 2.378 | 2.392 | 2.427 | 2.383 | 25-47
2022-12-01 | South 2.429 | 2.360 | 2.476 | 2.465 | 25-47
2022-12-04 | South 2.343 | 2.305 | 2.462 | 2.455 | 25-47
2022-12-17 | South 2.608 | 2.707 | 2.663 | 2.963 | 20-47
2022-12-19 | South 2.318 | 2.462 | 2.608 | 2.989 | 25-47

Table 4.8: Skévde-Toreboda, Trailing position. Standard deviation for each chan-
nel and the truncation interval [MPa]

Date Direction | Ch.1 | Ch.2 | Ch.3 | Ch.4 | Interval
2022-02-04 | South 2.484 | 2.505 | 2.507 | 2.452 | 20-45
2022-08-26 | North 2.136 | 2.127 | 2.229 | 2.153 | 20-45
2022-08-28 | North 2.222 | 2.223 | 2.386 | 2.254 | 20-45
2022-09-18 | North 2.191 | 2.202 | 2.289 | 2.241 | 20-45
2022-11-01 | North 2.250 | 2.209 | 2.250 | 2.209 | 20-47
2022-12-01 | North 2.240 | 2.237 | 2.358 | 2.157 | 20-47
2022-12-04 | North 2.242 | 2.182 | 2.381 | 2.182 | 20-47
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4.5 Toreboda-Laxa

Toreboda-Laxa shows stress spectra similar to those of the sections Alingsas-Herrljunga
and Herrljunga-Skévde. The spread in measured stresses are moderate, with over-
loads existing for the leading position of the wheelset and the characteristic be-
haviour for the trailing position clearly visible. The standard deviations from the
fitted normal distributions are moderately large. Figure 4.6 shows the stress spectra
and their fitted normal distributions, and tables 4.9 and 4.10 shows the standard
deviations for leading and trailing positions of the wheelset, respectively.
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Table 4.9: Toéreboda-Laxa, Leading position. Standard deviation for each channel
and the truncation interval [MPa)]

Date Direction | Ch.1 | Ch.2 | Ch.3 | Ch.4 | Interval
2022-02-04 | North 2.846 | 2.880 | 3.064 | 2.985 | 25-43
2022-08-20 | South 3.041 | 3.122 | 2.906 | 2.836 | 25-49
2022-10-01 | South 2.897 | 2.938 | 2.708 | 2.713 | 25-46
2022-10-15 | South 2.707 | 2.764 | 2.607 | 2.483 | 25-46
2022-12-01 | South 2.989 | 3.118 | 3.081 | 3.305 | 25-49
2022-12-04 | South 3.035 | 3.077 | 3.124 | 3.210 | 25-49
2022-12-17 | South 2.746 | 3.190 | 3.166 | 3.049 | 25-49
2022-12-19 | South 2.538 | 3.054 | 3.310 | 3.165 | 25-49

Table 4.10: Toreboda-Laxa, Trailing position. Standard deviation for each channel
and the truncation interval [MPa]

Date Direction | Ch.1 | Ch.2 | Ch.3 | Ch.4 | Interval
2022-02-04 | South 2.727 | 2.646 | 2.704 | 2.728 | 28-43
2022-08-26 | North 2.727 | 2.662 | 2.809 | 2.689 | 32-46
2022-08-28 | North 2.757 | 2.727 | 2.873 | 2.755 | 34-49
2022-09-18 | North 2.842 | 2.796 | 2.864 | 2.776 | 32-46
2022-11-01 | North 2.732 | 2.689 | 2.802 | 2.680 | 34-49
2022-12-01 | North 2.876 | 2.890 | 3.082 | 2.835 | 32-49
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4.6 Laxa-Hallsberg

The section Laxa-Hallsberg shows a similar behaviour to the section Gothenburg-
Alingsas, with a significant amount of overloads over 70 MPa for the leading position
of the wheelset. In the trailing position, the wheelset experiences numerous cycles
both higher and lower than the quasi-static mean stress, around 30-45 MPa. This
can, once again, be linked to the number of switches along the section of track.
On the other hand, the standard deviations for the fitted normal distributions are
on the lower end. Due to the track being mostly straight with a low number of
significant curves, it is reasonable that the spread of the normal distribution is
lower. The stress spectra and their normal distributions are shown in figure 4.7
and the standard deviations are shown in table 4.11 for the leading position of the
wheelset and table 4.12 for the trailing position. Similar to the track section Skévde-
Toreboda, for one of the runs of the train it could not be verified if the wheelset was
in the leading or trailing position. The data showed characteristics of both leading
and trailing, and the run was placed as a leading position run.
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Table 4.11: Laxa-Hallsberg, Leading position. Standard deviation for each channel
and the truncation interval [MPa)]

Date Direction | Ch.1 | Ch.2 | Ch.3 | Ch.4 | Interval
2022-02-04 | North 2.542 | 2.502 | 2.717 | 2.501 | 25-43
2022-06-23* | South 3.239 | 3.099 | 3.225 | 3.087 | 25-46
2022-08-20 | South 2.829 | 2.825 | 2.813 | 2.704 | 25-49
2022-10-01 | South 2.553 | 2.607 | 2.562 | 2.509 | 25-46
2022-12-01 | South 2.373 | 2.505 | 2.516 | 2.548 | 25-46
2022-12-04 | South 2.702 | 2.809 | 2.939 | 2.923 | 25-49
2022-12-17 | South 2.926 | 3.003 | 3.082 | 2.976 | 25-49
2022-12-19 | South 2.666 | 2.715 | 2.901 | 2.991 | 25-49

Table 4.12: Laxa-Hallsberg, Trailing position. Standard deviation for each channel
and the truncation interval [MPa]

Date Direction | Ch.1 | Ch.2 | Ch.3 | Ch.4 | Interval
2022-02-04 | South 2.478 | 2.353 | 2.440 | 2.416 | 28-43
2022-08-26 | North 2.346 | 2.312 | 2.385 | 2.300 | 32-46
2022-08-28 | North 2.553 | 2.520 | 2.689 | 2.577 | 32-49
2022-09-18 | North 2472 | 2.412 | 2.447 | 2.453 | 32-46
2022-12-01 | North 2.407 | 2.447 | 2.486 | 2.337 | 32-46

4.7 Limitations and potential sources of errors

It is noticeable that the amount of runs used are very limited. This is due to a
known issue with the computer on the SmartSet®, where the data matrix is not
always uploaded to the server at a designated station. Thus, the matrix is not
reset, instead it keeps adding cycles to the matrix. One run from Gothenburg to
Hallsberg corresponds to approximately 290 km of data. The rest of the route,
Hallsberg to Stockholm corresponds to approximately 260 km of data. Thus, one
run from Gothenburg to Stockholm should represent approximately 550 km of data.
An example of where the computer has failed to upload data occurred between
February 17th and April 18th of 2022, where a matrix containing 44 000 km of data
was uploaded. Assuming that the train operated the route Stockholm-Gothenburg-
Stockholm 75% of the time during this period, data corresponding to approximately
60 runs were not usable for the current study. It is important to note that the
measurements are still valid for measuring strains on the axle, however for the
purpose of connecting the measurements to track quality, the matrix has to contain
only data between two adjacent stations. The section of track where most runs were
recorded from the year 2022 was Alingsas-Herrljunga with a total of 21 runs. Eleven
were from the train going south and ten from the train going north. Continuing with
the previous assumption that two months of data represent approximately 60 runs
between Gothenburg and Stockholm, one year should contain approximately 360
runs. This means that only around 6% of the total data is useful for the current
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purpose. Note that this number is based on assumptions, so it should only be used
as an indication of the amount of data that are not useful for the current purpose.

Moving on to potential sources of errors, there are a few that needs to be taken into
consideration. Beginning with the different channels, it is intriguing that the mea-
surements of the channels differ considerably in some of the runs. There is seemingly
no pattern, such as one channel always giving higher measurements. Theoretically,
given a perfect wheel, the measured stresses should be very similar resulting in
almost equal stress spectra. This is not the case, and the reason has not been de-
termined. Furthermore, the matrix stores the measurements in increments of 2.75
MPa. Thus, two cycles that differ by 0.1 MPa could be registered as having a differ-
ence of 2.75 MPa if one of the cycles is just over the threshold and the other is just
below. It has not been studied if this specifically affect the resulting stress spectra.
The truncation intervals are a potential source of error as well. Firstly, they have
been manually determined which gives room for judgement errors. Moreover, the
function used to calculate the normal distribution bases the resulting distribution
partly on the stated interval. Given the stress increments of 2.75 MPa, the resulting
normal distribution differs even if the stated interval is in the range of the same
stress increments. An example would be that the stress increments are 40, 42.75
and 45.5 MPa. If the truncation interval is defined as 43, 44 or 45, the same stress
cycles would be included for all three cases and should give the same normal dis-
tribution. However, these inputs would result in three different distributions. This
was examined for multiple stress spectra, and the difference in standard deviation
could range between 0.05-0.2 MPa.

Lastly, the condition of the train has not been taken into consideration at any
point. It was not possible to verify when the wheelset had been reprofiled. A worn
out wheelset could influence the measured stresses and the resulting stress spectra,
compared to when it is newly reprofiled. This is an uncertainty in the data that
needs to be taken into account when drawing conclusions. Moreover, the load on the
wheelset from the train might vary between runs due to differences in the number of
passengers. It should be noted, however, that since the instrumented axle is located
at the very end of a motor unit below the driver’s cabin, the influence of passenger
loading should be limited.
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Comparison and correlations

To make a correlation analysis between the quality of track, measured by QS-ratio,
and onboard measurements, in the form of a fitted normal distribution to the stress
cycles, the data have been matched based on time. The most recent measurement
of QS has been used for each run recorded in the onboard measurement data. The
expected result would be that higher track quality should give a lower spread in the
data, thus a lower standard deviation. However, the measurements are also affected
by track geometry, especially the occurrence of switches and significant curves. The
analysis has been performed in three steps: combined, track section specific and
selective analysis, where a possible correlation is explored through regression analysis
and Pearson’s correlation coefficient.

5.1 Combined analysis

Looking at the data, it is clear that track layout dominates the outcome of the
stress spectra. An example of this is the straight track section of Skévde-Toéreboda
which has standard deviations ranging between 1.95 and 2.70 MPa for channel 1.
This differs significantly from the section Gothenburg-Alingsas, where the standard
deviations for channel 1 ranges between 2.69 all the way to 4.96 MPa. Figure
5.1 shows a scatter plot of the standard deviations and their corresponding QS-
ratios based on the date of the run. The combined measurements for the leading
position of the wheelset show a weak linear regression, with a positive correlation
coefficient. This is opposite to what would be expected for the relationship between
track quality and onboard measurements. For the trailing position of the wheelset,
there is a stronger regression with a negative correlation coefficient, however the
regression is still rather weak. Both of these cases can be explained by the fact that
the different track sections differ significantly in amount of switches and curves,
both of which strongly influence the measurements. The implications are further
discussed in chapter 6.
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Figure 5.1: Scatter plot of standard deviations and their corresponding QS-ratios
for all tracks combined

5.2 Track section specific analysis

To remove the influence of differences in nominal track characteristics, the same
analysis has been performed for each track section separately. However, this brings
the issue of very low sample sizes. The results from this section should therefore only
be used as an indication of a possible correlation, not as definitive results. Figure 5.2
shows the scatter plots for all track sections. Three sections show a strong regression
with a negative correlation coefficient: Gothenburg-Alingsas with the wheelset in the
leading position, Herrljunga-Skovde in the trailing position and Skévde-Toéreboda
in the trailing position. The sample sizes are 9, 6, and 7, respectively, which are all
relatively small. All other track sections show weak regressions.
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Figure 5.2: Scatter plot for each track section, denoted as: Got for Gothenburg,
Al for Alingsas, Herr for Herrljunga, Skv for Skovde, T6 for Toreboda, Lax for Laxa,
and Hall for Hallsberg

5.3 Selective analysis of Skovde-Toreboda

The track section of Skévde-Toéreboda have been used as a test case since it has
small effects of curves and switches. For this case, the leading and trailing mea-
surements have been combined, with the motivation that the truncation interval
has been determined in the same way for both leading and trailing. Thus, both

31



5. Comparison and correlations

models should be based on the same data. For the other track sections, using the
leading truncation interval for trailing measurements would substantially increase
the standard deviation. This was not the case for Skovde-Toreboda. The validity
of this comparison could still be questioned, however it allows for a larger sample
size which is useful because of the lack of valid data. Figure 5.3 shows the scatter
plot, which indicates a weak regression but a possible correlation through a nega-
tive correlation coefficient. This might indicate a possible correlation between track
quality and onboard measurement data because of the lack of switches and curves
along the section, however the scatter is still quite significant.
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Figure 5.3: Scatter plot for Skévde-Toéreboda, Leading and trailing combined

5.4 Limitations and sources of errors

There is a significant limitation regarding the connection between track measure-
ments and onboard measurements. The comparison is limited by the amount of
measurements that Trafikverket carried out, which in this case was seven times
ranging from December 2021 through December 2022, thus limiting the available
track data. Furthermore, all of these measurements have not been used because of
a lack of runs with valid onboard measurement data. Thus, the QS-ratio used in
the analysis might not accurately represent the status of the track because of the
time difference between the track measurement and the onboard measurement run.
Another limitation is the low population of valid runs with onboard measurements
which makes the foundation for all comparisons. As discussed in section 4.7, the
lack of valid data creates an issue in making a valid correlation analysis. The largest
population in the track specific analysis is 11, with most of the sections having a
lower sample size. This is in the region of being too small to make a regression
analysis.
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Discussion

This study has faced a number of challenges which have affected the choice of meth-
ods and the outcome. The discussion is split into three parts: Methods, Results,
and Limitations. Each part is analysed through alternative methods or sources of
uncertainty and errors to further examine the outcomes of the study.

6.1 Methods

The analysis of this study is rather narrow with a specific focus on the measurements.
It is based on the work of Maglio et al. [6], and aims to further describe the effects
track quality has on onboard measurements. However, this study only focuses on
the part of the stress spectra that represents quasi-static loading, whereas Maglio et
al. explored the effects on the stress spectra as a whole. The reason for this focus is
to limit the effects of other factors than track quality, such as switches and curves,
however this might eliminate some effects of track quality as well. One of the results
Maglio et al. presented was that track quality also affected overloads in the stress
spectra, and these effects will not be visible in this study. It will be important to
keep this in mind when interpreting the results.

Looking at track quality, the general measurement of QS is used in this study.
Trafikverket’s guidelines state that this should only be used as an indication of
track quality and that no actions should be taken only based on the QS-ratio of
a track section [15],[20]. Thus, it could be questioned how accurate a correlation
between only the QS-ratio and onboard measurements is. On the other hand, it can
give an initial indication of a correlation, and further analysis can be carried out with
more specific measurements of track quality. Since QS is based on both vertical and
lateral deviations, further analysis separating the two could show separate effects of
vertical and lateral deviation. As is the case for this study, a correlation was not
found, and a basis for further analysis could not be formed, see section 6.2 for more
information.

Moving on to the method of extracting stress spectra and fitting the normal distri-
bution, the choice of manually truncating the data should be questioned. It opens
the door to effects of judgement affecting the results. An option would be to create
an algorithm that truncates the data based on the gradient. However, a perfect fit
could not always be achieved, and since the normal distribution changes even when
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adjusting the interval between stress increments, an algorithm might not always be
accurate. With a limited amount of data, a manual truncation is reasonable, but
if this method were to be implemented on a larger scale, it would be necessary to
develop a truncation algorithm.

Lastly, the validity of the correlation analysis can be questioned. The use of a linear
regression and Pearson’s correlation coefficient assumes a linear relation between
track quality and onboard measurements. Furthermore, Pearson’s correlation coef-
ficient requires that the data are independent and are normally distributed. One
might argue that the track quality measurements are not independent, since the
same QS-ratio is used for multiple runs of the onboard measurements. However,
there are no other option than to use the most recent track quality measurements
for each run. It can also be questioned if the track quality measurements and the
model of using the standard deviation for the onboard measurements are true nor-
mal distributions. Once again, it needs to be kept in mind when interpreting the
results.

6.2 Results

Starting with the onboard measurements, it is clear that the characteristics of the
track have a substantial influence on the resulting stress spectra. The best exam-
ples of this are Gothenburg-Alingsas and Laxa-Hallsberg, which both have a huge
increase in overload cycles that can be linked to the amount of switches that exists
along these track sections. The counterpart, Skovde-Toreboda, shows a very low
number of cycles outside the fitted normal distribution, making it a good represen-
tation of the quasi-static load on the axle. Furthermore, it is visible that an increase
in curves have an effect on the fitted normal distribution. Gothenburg-Alingsas
have the highest average standard distribution of all sections, and there are multiple
curves in both directions. Skévde-Toéreboda and Laxa-Hallsberg have the lowest
average standard deviation, and both are track sections with a low number of sig-
nificant curves. The differences between leading and trailing measurements are also
important. They differ significantly, especially considering that trailing measure-
ments give an increase in cycles with a lower stress than the quasi-static mean.

When comparing the onboard measurements to track quality data, it is clear that the
onboard measurements have a natural scatter. This highlights the issue of storing
onboard measurements in a cumulative matrix. Storage wise, it is a very efficient
method, requiring only one matrix that does not change in size. However, this
creates the issue of being unable to exactly link how different factors affect the data.
Without a full time history of the data it is difficult to accurately determine the
reasons for the scatter in the measurements. Looking at the correlation analysis,
it is clear that different sections of track should not be compared when the data is
stored in a cumulative matrix since track characteristics dominate over track quality
in the onboard measurements. A section of track with a high number of curves can
have a high QS-ratio, and a very straight section of track can have a low QS-ratio,
which can lead to misleading results if the two are directly compared.
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Moving on to the result of the correlation analysis, it is clear that no strong cor-
relation can be seen. Starting with the combined analysis, the measurements for
the leading position showed a correlation opposite to what was expected, with an
increase in standard deviation when track quality increased. One reason for why this
might be is that the measurements with the highest track quality are from the section
Gothenburg-Alingsas in the southern direction, the section with the highest average
standard deviation. Seemingly, other effects such as curves and switches dominate
over the effect of track quality. The measurements from when the wheelset was
trailing show a possible negative correlation, which is the expected result. However,
this should not be accepted as a true correlation between track quality and onboard
measurements for the same reasons presented for the leading position. Here, the
measurements from Gothenburg-Alingsas in the northern direction have the lowest
track quality out of all sections, while also having the highest standard deviation.
This would indicate that lower track quality gives a higher standard deviation, but
it is instead a result of a high number of curves and switches.

Looking at the track section specific analysis, only three track sections show a
strong negative correlation, while another two have a weak negative correlation.
Gothenburg-Alingsas with the wheelset in the leading position, Herrljunga-Skovde
in the trailing position and Skovde-Toreboda in the trailing position all have strong
negative correlations. The sections Gothenburg-Alingsas with the wheelset in the
trailing position and Skévde-Toéreboda in the leading position have weak negative
correlations. These measurements might indicate that the expected correlation ex-
ists, however this is countered by the fact that four track sections show a weak
positive correlation, and that three track sections show no correlation at all. No
track sections show a strong positive correlation. Moreover, the sample sizes of the
track specific analysis are very small, leading to an increased uncertainty regard-
ing the results. Thus, while a negative correlation might exist, which should make
it feasible to identify track quality through onboard measurements, the number of
sections showing contradicting results are enough to not being able to draw any
conclusions.

The selective analysis of Skévde-Toreboda was performed as a test case before the
difference in leading and trailing positions was discovered. Since the section has a
low number of switches and almost no curves, the section was used in a trial stage
to establish the methods used. The arguments for the validity of this comparison
is that the truncation of the normal distribution is the same for both the leading
and trailing positions, meaning that the same data will be included. Furthermore,
since the track is straight with other factors minimized, the stress spectra should be
very close to representing the quasi-static loading of the wheelset. However, a small
increase in loads below the quasi-static mean do exist, which might indicate that the
stress spectra are different and should be kept separate. Looking at the correlation
analysis, it indicates that a possible negative correlation do exist, however it can
not be considered strong and a significant scatter does still exist. This can only be
used as an indication that the expected correlation might exist, but further research
is needed to verify this.
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Finally, as was discussed in section 6.1, it is possible to use more refined methods to
explore a possible correlation. However, since no results showed a strong indication
of the expected correlation, the use of more refined methods was not explored further.
Instead, focus was shifted to examine why the result of the study ended up as it did,
and to what effect the limitations affected the result, further discussed in section
6.3.

6.3 Limitations

This study has struggled with different limitations affecting the results, as stated in
each chapter. To begin with, the data accuracy can be questioned since the onboard
measurements are stored in increments of 2.75 MPa. The observed increase in
the mean of the fitted normal distributions is often in the range of one increment
increase or decrease. This poses the question of to what extent does the stress
increments of 2.75 MPa affect the results. Moreover, the observed variation between
channels introduces an uncertainty since the measured stresses should be close to
equal. Factors such as wheel out-of-roundness or worn out wheel profiles might
affect measurements between channels, but the spread is quite significant for some
runs. Since no pattern could be established, for example a permanent increase of
1 MPa for channel 4, a wrongly calibrated strain gauge should not be the issue.
Thus, small differences between runs on the same track could possibly be linked to
the nature of the measurement system. Combined with the limited amount of track
measurements, there is room for different sources of errors in the results.

Furthermore, the most significant challenge has been the low sample size of runs.
As described in section 4.7, if only 6% of measurements are usable for this purpose,
it is hard to form specific conclusions based on the measurements. With more runs,
it would have been possible to determine the natural scatter in the data by looking
at the difference between runs that are close to each other in time. This could have
been used to filter out other effects when forming a correlation between track quality
and onboard measurements. Instead, the results show a significant scatter without
a possibility to connect them to specific factors. Moreover, the small sample size
leads to unreliable results from the track specific correlation analysis. In the current
state, the analysis is susceptible to deviating measurements that could be from pure
coincidence. A larger sample size would strengthen any conclusions based on the
track specific analysis, and would make it possible to either accept or reject the
hypothesis of a possible correlation. With the current state of the data, this is not
possible.
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Conclusions and future
recommendations

Based on the results of the study with the limitations kept in mind, the following
conclusions can be formulated:

o A correlation between track quality and onboard measurements cannot be
established, however some results do indicate that such a correlation exist.

o With a cumulative data matrix, track characteristics dominate over track qual-
ity in the onboard measurement data.

o Track quality assessment with a cumulative matrix storage is dependent on
the onboard measurement system uploading the data correctly, thus correctly
indicating start and end point of the data

o The suitability of cumulative data storage should be questioned for track qual-
ity assessment.

This is not to say that the system is unsuitable for track quality assessment, but
it is clear that many factors have to be taken into consideration to accurately in-
terpret the measurements. Thus, future work should further investigate a possible
correlation between track quality and onboard measurements with consideration to
the mentioned conclusions, and also investigate to what extent other factors such
as different track characteristics affect the onboard measurements. If possible, the
effects of outside factors should be quantified and a way of filtering out these effects
should be developed. This would lead to easier and more accurate assessments of
track quality.
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Track section overview

Figure A.1: Overview of Gothenburg-Alingsas, map created by OpenRailwayMap
[22]



A. Track section overview

%_| ;}}

Figure A.2: Overview of Alingsas-Herrljunga, map created by OpenRailwayMap
[22]

Figure A.3: Overview of Herrljunga-Skévde, map created by OpenRailwayMap
[22]
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A. Track section overview
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Figure A.4: Overview of Skévde-Téreboda, map created by OpenRailwayMap [22]
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A. Track section overview

Figure A.5: Overview of Toreboda-Laxa, map created by OpenRailwayMap [22]
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.6: Overview of Laxa-Hallsberg, map created by OpenRailwayMap [22]
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